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Activation of cAMP-dependent protein kinase (PKA) triggers terminal differentiation in Dictyostelium, without an obvious
requirement for the G-protein-coupled adenylyl cyclase, ACA, or the osmosensory adenylyl cyclase, ACG. A third adenylyl
cyclase, ACB, was recently detected in rapidly developing mutants. The specific characteristics of ACA, ACG, and ACB
were used to determine their respective activities during development of wild-type cells. ACA was highly active during
aggregation, with negligible activity in the slug stage. ACG activity was not present at significant levels until mature spores
had formed. ACB activity increased strongly after slugs had formed with optimal activity at early fruiting body formation.
The same high activity was observed in slugs of ACG null mutants and ACA null mutants that overexpress PKA
(acaA/PKA), indicating that it was not due to either ACA or ACG. The detection of high adenylyl cyclase activity in
acaA/PKA null mutants contradicts earlier conclusions (B. Wang and A. Kuspa, Science 277, 251–254, 1997) that these
mutants can develop into fruiting bodies in the complete absence of cAMP. In contrast to slugs of null mutants for the
intracellular cAMP-phosphodiesterase REGA, where both intact cells and lysates show ACB activity, wild-type slugs only
show activity in lysates. This indicates that cAMP accumulation by ACB in living cells is controlled by REGA. Both REGA
inhibition and PKA overexpression cause precocious terminal differentiation. The developmental regulation of ACB and its
relationship to REGA suggest that ACB activates PKA and induces terminal differentiation. © 1999 Academic Press
Key Words: adenylyl cyclase B; protein kinase A; rapidly developing mutants; terminal differentiation; Dictyostelium
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GINTRODUCTION
cAMP is one of the major intermediates of hormone
action in metazoans and plays additional crucial roles in
long-term memory storage (Frey et al., 1993) and cell fate
etermination during embryogenesis (Jiang and Struhl,
995). In pathological protozoans such as Trypanosoma
rucei and Plasmodium falciparum cAMP triggers differen-
iation of the infectious epimastigotes (Fraidenraich et al.,
993) and the gametes (Read and Mikkelsen, 1991), respec-
ively. In almost all cases intracellular cAMP production is
ue to stimulation of adenylyl cyclases by extracellular
ignals, while the effects of cAMP are mediated by cAMP-
ependent protein kinases (PKAs). During the life cycle of
he social protozoan Dictyostelium, both intracellular and
1 To whom correspondence should be addressed. Fax: 31-71-
a5274999. E-mail: Schaap@rulbim.leidenuniv.nl.
182xtracellular cAMP control cell differentiation and morpho-
enesis. Starving Dictyostelium amoebae secrete cAMP
ulses that act as a chemoattractant to induce aggregation
nd transformation of aggregates into migrating slugs and
ruiting bodies. After aggregation cells differentiate into
respore and prestalk cells, the precursors of the terminally
ifferentiated stalk cells and spores of the mature fruiting
ody. Extracellular cAMP acting on surface cAMP receptors
cARs) also functions as a hormone-like signal to induce the
xpression of aggregative genes and prespore genes. Intra-
ellular cAMP acting on PKA controls the transition from
rowth to early development and triggers the terminal
ifferentiation of stalk and spore cells (Firtel, 1995).
Two adenylyl cyclases have been cloned in Dictyoste-
ium: the G-protein-coupled enzyme ACA is responsible for
roducing the cAMP pulses that mediate aggregation. The
-protein-independent adenylyl cyclase ACG is structur-lly homologous to the peptide-activated guanylyl cyclases
0012-1606/99 $30.00
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183A Role for ACB in Terminal Differentiationin vertebrates and the peptide-activated adenylyl cyclase of
Trypanosoma cruzi (Pitt et al., 1992; Ross et al., 1991;
Garbers et al., 1994). ACG transcripts have only been found
in spores and the enzyme acts as an osmosensor that
controls spore germination (VanEs et al., 1996). Remark-
ably, despite the fact that spore and stalk cell formation
require PKA, both processes can occur in null mutants for
either ACA or ACG in the presence of cAR specific cAMP
analogs (Pitt et al., 1992, 1993). Recently a third adenylyl
cyclase activity (ACB) was detected in growing cells of rdeA
and regA null mutants (Kim et al., 1998). The REGA gene
encodes a cAMP phosphodiesterase that is activated by
phosphorylation of an attached response regulator, homolo-
gous to response regulators of bacterial phosphorelay sys-
tems (Shaulsky et al., 1996; Thomason et al., 1998). The
RDEA gene encodes an H2-type phosphotransferase that
acts as a phosphorelay intermediate to activate REGA
(Chang et al., 1998). Characterization of the novel adenylyl
cyclase activity in acaA/rdeA double null mutants showed
that it was not activated by high osmolarity like ACG, not
activated by G-proteins like ACA, and not stimulated by
Mn21 ions as common to both ACG and ACA.
To establish to what extent ACA, ACB, and ACG may
ontrol cAMP-regulated processes during Dictyostelium
evelopment we have used the unique biochemical charac-
eristics of each enzyme to measure their activity and
ctivation during the entire course of development. Our
esults confirm that ACA and ACG are almost exclusively
ctive in the aggregation and spore stages, respectively.
CB activity increases very strongly after slugs have
ormed to reach an optimum at early culmination. These
ata suggest that ACB is probably the long-sought-for
ctivity that activates PKA and triggers terminal differen-
iation.
MATERIALS AND METHODS
Materials
Adenosine 39,59-monophosphate (cAMP), 29-deoxyadenosine 39,59-
monophosphate (29H-cAMP), guanosine 59-O-(2-thiodiphosphate)
(GDPbS), guanosine 59-O-(3-thiotriphosphate) (GTPgS), 3-isobutyl-
-methylxanthine (IBMX), dithiothreitol (DTT), G418, and bovine
eart cAMP phosphodiesterase were obtained from Sigma (St.
ouis, MO); blasticidin was from ICN (Costa Mesa, CA); nuclepore
lters (pore size 3 mm) were from Corning (New York, NY); and
[2,8-3H]adenosine 39,59monophosphate ([3H]cAMP) was obtained
from Amersham Pharmacia Biotech (Little Chalfont, UK). Bradford
reagent was from Bio-Rad (Hercules, CA). The reverse-phase Jordi-
Gel C18-DVB HPLC column was from Alltech Associates, Inc.
(Deerfield, IL).
Cell Culture and Induction of Development
Wild-type NC4 cells were grown in association with Klebsiella
aerogenes on glucose–peptone agar. The axenic strains AX3, AX4,
X4/regA (Shaulsky et al., 1996), acaA/PKA (Wang and Kuspa,
997), and acgA (Pitt et al., 1992) were grown in axenic medium,
hich was supplemented with 20 mg/ml G418 for acaA/PKA cells. w
Copyright © 1999 by Academic Press. All righto induce multicellular development, cells were washed with 10
M phosphate buffer, pH 6.5 (PB) to remove nutrients, distributed
n nonnutrient agar (1.5% agar in PB) at 3 3 106 cells/cm2, and
incubated at 22°C until the desired developmental stage had been
reached.
Assay for cAMP Accumulation by Intact Cells
Cells or developing structures were harvested from nonnutrient
agar plates and when necessary dissociated into single cells by
multiple passages through a 19-gauge needle. Cells were resus-
pended in PB at 108 cells/ml and aerated for 10 min prior to assay.
cAMP accumulation was initiated by addition of DTT to a final
concentration of 5 mM in the presence of variables as indicated in
the figure legends and terminated by adding an equal volume of
3.5% perchloric acid (v/v). Lysates were neutralized with KHCO3
and cAMP levels were determined by isotope dilution assay, using
purified beef heart PKA regulatory subunit as cAMP binding
protein (Gilman, 1972; Van Haastert, 1984).
Adenylyl Cyclase Assays in Cell Lysates
Cells were resuspended in ice-cold lysis buffer (250 mM sucrose
in 10 mM Tris–HCl, pH 8.0) (LB) at 5 3 107 cells/ml and lysed
hrough nuclepore filters (pore size 3 mm) in the absence and
presence of 30 mM GDPbS or 30 mM GTPgS. Aliquots of 10 ml
ysate were added at 0°C to 10 ml of variables in 23 assay mix [1
mM ATP, 20 mM DTT, 0.4 mM IBMX, and 4 mM of either MgCl2
(Mg21 assay mix) or MnCl2 (Mn21 assay mix) in LB]. Reactions were
initiated by transferring the samples to a 23°C water bath and were
terminated by addition of 10 ml 0.4 M EDTA and by boiling the
amples for 1 min. cAMP levels were determined by isotope
ilution assay. All assays were standardized on the protein content
f the cell suspension or cell lysate as determined with Bradford
eagent.
HPLC of Slug Lysates
Slug lysate was incubated for 30 min at 23°C with an equal
volume of Mg21 assay mix. The reaction was terminated by
ddition of EDTA and boiling, and a 200-ml aliquot of the boiled
ixture was supplemented with 3000 cpm [3H]cAMP and injected
on a reverse-phase Jordi-Gel HPLC column. The mobile phase was
12% methanol in 1 mM phosphate buffer, pH 6.5, and the column
was eluted at a flow rate of 0.5 ml/min. Fractions of 0.5 ml were
collected; 100 ml of each fraction was used to measure [3H]cAMP by
liquid scintillation counting; and the remaining 400 ml was lyophi-
lized and resuspended in 45 ml 2 mM MgSO4 in 10 mM imidazole,
H 7.5. One 20-ml aliquot of each sample was incubated for 30 min
at 30°C with 1024 units of beef-heart cAMP phosphodiesterase and
nother with an enzyme preparation inactivated by boiling. Both
amples were then boiled for 1 min and cAMP levels were deter-
ined by isotope dilution assay.
RESULTS
The three Dictyostelium adenylyl cyclases ACA, ACG,
nd ACB show distinct differences in regulatory properties,
hich are summarized in Table 1. In intact cells ACA is
timulated by cAMP receptor ligands, such as 29H-cAMP,
hich is not the case for ACG and ACB (Theibert and
s of reproduction in any form reserved.
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184 Meima and SchaapDevreotes, 1986; Pitt et al., 1992; Kim et al., 1998). ACG is
stimulated in intact cells by high osmolarity, while both
ACA and ACB are inhibited by this variable (VanEs et al.,
1996). In cell lysates, the G-protein-regulated enzyme ACA
can be activated by GTPgS and inhibited by GDPbS, while
both ACG and ACB are not affected by these guanine
nucleotides. In lysates, both ACA and ACG are much more
strongly stimulated by Mn21 than by Mg21 ions, while ACB
is more strongly stimulated by Mg21 ions (Pitt et al., 1992;
Kim et al., 1998). We have used the different regulatory
properties of ACA, ACB, and ACG to identify their activi-
ties during development.
To measure the three adenylyl cyclases in intact cells and
cell lysates during the entire course of development, wild-
type NC4 cells were starved on nonnutrient agar for 21 h.
Every 3 h, a batch of cells was harvested and cAMP
production by intact cells and cell lysates was measured
during a period of 30 min under the following conditions: (i)
intact cells were incubated with DTT to inhibit extracellu-
lar phosphodiesterase (PDE) and with 5 mM 29H-cAMP to
ctivate ACA, 100 mM NaCl (high osmolarity) to activate
CG, or nothing (control); (ii) cell lysates were incubated
ith ATP in the presence of DTT and IBMX to inhibit PDE
nd the intracellular cAMP phosphodiesterase REGA, re-
pectively. The lysates were exposed to 30 mM GTPgS in
he presence of 2 mM Mg21 to detect ACA activity or to
GDPbS (to inhibit ACA) in the presence of 2 mM Mg21 or 2
M Mn21 to detect ACB or ACG activity, respectively. For
reasons of brevity we only show the assay kinetics of cAMP
accumulation by intact cells (Figs. 1B and 1D) and cell
lysates (Figs. 1F and 1H) at the more relevant stages of
development (T 5 6, 9, or 21 h). For the other stages we have
lotted cAMP levels at the time points (t) in the assay,
hen the response reaches its optimum. This was 2 min for
CA activation by 29H-cAMP in intact cells (Fig. 1A), 5 min
or ACA activation by GTPgS in lysates (Fig. 1E), and 30
in for cAMP accumulation by ACB and ACG in intact
ells (Fig. 1C) or lysates (Fig. 1G) which occurred linearly
ver time.
Figures 1A, 1C, 1E, and 1G show that at the onset of
tarvation (T 5 0 h) intact cells and cell lysates showed
ittle cAMP accumulation. cAMP synthesis induced by
9H-cAMP could be detected after 3 h of starvation and
TABLE 1
Regulatory Properties of the Adenylyl Cyclases ACA, ACG, and A
Enzyme
Intact cells
cAMP or
29H-cAMP
High osmolarity
(100 mM NaCl)
ACA 111 2
ACG 0 111
ACB 0 2
Note. 0, no effect; 1, stimulatory; 111, strongly stimulatory; 2eached an optimum at 9 h, when cells had collected into o
Copyright © 1999 by Academic Press. All rightoose aggregates. In responsive cells, 29H-cAMP caused a
apid cAMP increase which peaked at 2 min and then
lowly declined (Fig. 1B). At the tipped aggregate stage (12 h)
esponsiveness to 29H-cAMP was still considerable, but
hereafter it decreased abruptly. Addition of 100 mM NaCl
o intact cells had either no effect or caused a small decrease
f cAMP accumulation during the entire course of develop-
ent, suggesting either that ACG did not contribute sig-
ificantly to cAMP accumulation by intact cells or that the
nhibitory effects of high osmolarity on ACA and ACB
ffected cAMP levels more strongly than stimulatory ef-
ects on ACG.
The developmental regulation of cAMP accumulation
nduced by 29H-cAMP in intact cells (Fig. 1A) was almost
ompletely mirrored by the developmental regulation of
TPgS-induced cAMP synthesis in cell lysates (Fig. 1E).
lso here some activation could be observed after 3 h of
tarvation, while maximum activation occurred at 9 h and
hen decreased. Similar to the 29H-cAMP-induced accumu-
ation in intact cells, stimulation by GTPgS in lysates was
transient and arrested after 5 min (Fig. 1F). Previous work
showed that this is due to adaptation (Dinauer et al., 1980;
Pupillo et al., 1992). Both basal and GTPgS-stimulated
AMP accumulations are inhibited by GDPbS, as is com-
mon for G-protein-regulated responses. However, even in
the presence of GDPbS some residual activity could be
etected.
After 12 h, cAMP production by cell lysates increased
ery strongly. Both the kinetics and regulation of the
esponse were completely different from the response ob-
erved at 6 to 12 h. cAMP now increased linearly over time,
esulting in accumulated cAMP levels of about 170
mol/mg protein after 30 min of incubation. The activity
as neither stimulated by GTPgS nor inhibited by GDPbS,
ndicating that it was not due to ACA. The activity is about
.5-fold higher in the presence of Mg21 than in the presence
of Mn21 ions, indicating that it was most likely not ACG,
hich is about 4-fold more active with Mn21 than with
g21 ions.
Remarkably, the high activity that could be detected in
ell lysates was not observed during incubation of intact
ells (compare Figs. 1D and 1H), although there seemed to
e a small increase in unstimulated cAMP levels after 12 h
Cell lysates
GTPgS GDPbS Mg21 Mn21
111 2 1 111
0 0 1 111
0 0 111 1
ibitory.CBf development (Fig. 1C). This means that the activity may
s of reproduction in any form reserved.
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185A Role for ACB in Terminal DifferentiationFIG. 1. ACA, ACG, and ACB activity during Dictyostelium development. Wild-type NC4 cells were incubated on nonnutrient agar plates at 22°C.
very 3 h a batch of cells was harvested and, when necessary, multicellular structures were dissociated. (A–D) cAMP accumulation by intact cells. Cells
ere resuspended in PB at 108 cells/ml and aliquots were incubated with 5 mM DTT (control), 5 mM 29H-cAMP and 5 mM DTT (29H-cAMP), or 100
mM NaCl and 5 mM DTT (NaCl) for 0, 1, 2, 5, 10, 20, and 30 min. The reaction was terminated by addition of an equal volume of 3.5% (v/v) perchloric
acid and total accumulated cAMP levels were measured by isotope dilution assay. Data in B and D represent the entire incubation period of cells
harvested after 6 and 21 h of development, respectively. A and C represent the developmental time courses of cAMP levels that accumulated after
respectively 2 and 30 min of incubation with DTT and variables in the assay. (E–H) cAMP accumulation by cell lysates. Cells were resuspended in lysis
buffer at 5 3 107 cells/ml and divided in three equal portions. Portion 1 was lysed at 0°C without further additions (control) and incubated with Mg21
assay mix (0.5 mM ATP, 10 mM DTT, 0.2 mM IBMX, and 2 mM MgCl2, final concentrations). Portion 2 was lysed in the presence of 30 mM GTPgS
nd was also incubated with Mg21 assay mix (GTPgS). Portion 3 was lysed in the presence of 30 mM GDPbS and one part was incubated with Mg21 assay
ix (GDPbS/Mg21) and the other with Mn21 assay mix (GDPbS/Mn21), in which 2 mM MgCl2 was replaced by 2 mM MnCl2. Reactions were started
y transfer to a 23°C water bath and terminated at 0, 1, 2, 5, 10, 20, and 30 min by addition of EDTA to a final concentration of 0.13 M. Total
ccumulated cAMP levels were measured by isotope dilution assay. Data in F and H represent the entire incubation period of lysates made from
ells that developed for 9 or 21 h of development, respectively. E and G represent the developmental time courses of cAMP levels that
ccumulated after respectively 5 and 30 min of exposure to the different variables. To enhance clarity the GDPbS-treated lysates are not shown
n E (the profile for these variables is the same as at the 30-min time points in G). All data are standardized on the protein content of the cell
uspension or lysate. Means and SE of three independent time courses with assays performed in triplicate are presented.
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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186 Meima and Schaapbe latent in intact cells and requires an activator or removal
of an inhibitor. Alternatively it is possible that cAMP
produced in intact cells either is not secreted at all or is
degraded before it can be secreted (and protected by phos-
phodiesterase inhibitors).
cAMP Accumulation in Slugs of acaA and acgA
Mutants
To confirm that the high levels of cAMP production by
slug lysates were not due to ACA or ACG, we measured the
activity in null mutants for these enzymes. acgA null
mutants are defective in inhibition of spore germination by
high osmolarity but show normal development up to the
fruiting body stage (Pitt et al., 1992; VanEs et al., 1996).
acaA null mutants cannot aggregate and form slugs, but
these defects can be overcome by overexpression of PKA
under the actin15 promoter and plating the cells at high cell
density (Pitt et al., 1992; Wang and Kuspa, 1997). Intact
acaA/PKA cells have been reported to show no 29H-cAMP-
stimulated cAMP accumulation and lysates to show no
Mn21-stimulated adenylyl cyclase activity. A second acaA/
PKA mutant was constructed (C. A. Parent, unpublished
results). This mutant can also aggregate at high cell density,
but then arrests at the mound stage, where the majority of
the cells develop into spores. Mound arrest and precocious
spore formation are also observed when wild-type cells
overexpress PKA (Anjard et al., 1992) and the difference
etween the Kuspa and Parent mutants is probably due to
FIG. 2. ACB activity in lysates of acaA/PKA and acgA slugs. (A) c
parent strain AX3, mutant acgA, and two different lines of mu
nonnutrient agar until migrating slugs had formed. Slugs were diss
through nuclepore filters. The slug lysates were incubated for 0, 1
Means and SE of two to three experiments performed in triplica
ctivities. Cells from dissociated acaA/PKA slugs, vegetative ac
esuspended in 30 mM GDPbS (acaA/PKA, acaA/rdeA) or GTPgS (
or 30 min (acaA/PKA, acaA/rdeA) or 5 min (NC4) with assay mi
indicated concentrations and assayed for cAMP. The data for ACG
of two experiments performed in triplicate are presented.KA gene dosage. To test whether any of the acaA/PKA or W
Copyright © 1999 by Academic Press. All rightthe acgA mutants show AC activity in the slug stage, we
ncubated cells on nonnutrient agar until migrating slugs
ad formed or in the case of the Parent acaA/PKA strain up
o the time when wild-type cells had formed slugs. We then
easured cAMP accumulation by cell lysates in the pres-
nce of GDPbS and 2 mM Mg21. Figure 2A shows that
lysates of slugs of axenic strain AX3, the acgA mutant, and
both acaA/PKA mutants showed similar levels of cAMP
accumulation as wild-type NC4 slugs (Fig. 1H).
To test whether the activity in the acaA/PKA mutants
was the same as ACB and dissimilar from ACG and ACA,
we compared the effects of Mg21 and Mn21 on cAMP
accumulation in lysates of acaA/PKA slugs and growing
cells of acaA/rdeA with those of ACA and ACG. Figure 2C
shows that both ACA, measured in NC4 cells, and ACG,
measured in vegetative acaA cells that overexpress ACG
under the actin15 promoter (acaA/ACG), were much more
strongly stimulated by Mn21 (open symbols) than by Mg21
ions (solid symbols). Especially low concentrations of Mn21
(,2 mM) stimulated ACG very strongly compared to Mg21.
n both growing cells of acaA/rdeA and slugs of acaA/PKA,
g21 was more active to stimulate cAMP synthesis than
n21. However, the acaA/PKA slugs showed a small peak
activity at 1 mM Mn21, which was not observed in acaA/
rdeA vegetative cells. We assume that this represents a
small amount of ACG activity, which is very strongly
stimulated by Mn21 at this concentration.
Our detection of high adenylyl cyclase activity in acaA/
KA slug lysates does not agree with earlier findings by
accumulation by AX3, acgA, and acaA/PKA slug lysates. Cells of
acaA/PKA (“AK” and “CP”) were incubated for about 20 h on
ed into single cells, resuspended in 30 mM GDPbS in LB, and lysed
, 10, 20, and 30 min with Mg21 assay mix and assayed for cAMP.
presented. (B, C) Comparison of Mg21/Mn21 dependence of AC
eA cells, and aggregation-competent wild-type NC4 cells were
in lysis buffer respectively and lysed. Cell lysates were incubated
taining Mg21 (solid symbols) or Mn21 ions (open symbols) at the
caA/ACG cells are derived from Kim et al. (1998). Means and SEAMP
tant
ociat
, 2, 5
te are
aA/rd
NC4)
x con
in aang and Kuspa, showing the complete absence of adenylyl
s of reproduction in any form reserved.
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187A Role for ACB in Terminal Differentiationcyclase activity in lysates during the entire course of
development (Wang and Kuspa, 1997). To confirm the
identity of cAMP synthesized by the acaA/PKA lysates, we
ubjected samples to HPLC reverse-phase chromatography
o test whether the activity measured by isotope dilution
ssay cochromatographed with commercial [3H]cAMP. Fig-
ure 3 shows that all the product that was synthesized when
acaA/PKA slug lysates were incubated with Mg21 and ATP,
nd that competed with [3H]cAMP for binding to the PKA-R
ubunit, cochromatographed with [3H]cAMP. Treatment of
the column fractions with a cAMP-specific phosphodiester-
ase removed all activity detected in the isotope dilution
assay. This convincingly demonstrated that the product
synthesized by the acaA/PKA lysates was indeed cAMP and
indicated that the acaA/PKA mutant does display consid-
erable adenylyl cyclase activity in the slug stage.
The Role of REGA in cAMP Production by Intact
Slug Cells
cAMP produced by ACA or ACG can be measured in
intact cells, because it is secreted and accumulates in the
extracellular medium, where it can be protected by the PDE
FIG. 3. HPLC of cAMP in acaA/PKA slug lysates. acaA/PKA
“AK” slug lysate (0.5 ml) was incubated for 30 min at 23°C with an
equal volume of Mg21 assay mix. The reaction was terminated by
ddition of 0.5 ml 0.4 M EDTA. cAMP levels were determined
irectly in 20-ml aliquots by isotope dilution assay. A 200-ml
aliquot that contained 6.2 pmol cAMP and 0.12 mg protein was
supplemented with 3000 cpm [3H]cAMP (0.062 pmol) and injected
on an HPLC reverse-phase column. Fractions (0.5 ml) were col-
lected of which 100 ml was used to measure 3H and the remaining
part was divided in two parts. One part was treated with active
cAMP phosphodiesterase (1PDE) and the other with boiled enzyme
(2PDE) and both parts were then assayed for cAMP by isotope
dilution assay. The amount of cAMP recovered in fractions 9, 10,
11 was in total 5.7 pmol, which was 92% of the input. Comparable
results were obtained with an AX3 slug lysate and an acaA/PKA
“CP” mound lysate.inhibitor DTT (Van Haastert, 1984; Schaap et al., 1995). t
Copyright © 1999 by Academic Press. All rightCB could not be detected in intact wild-type cells (com-
are Figs. 1D and 1H), suggesting that the activity was
atent or that cAMP produced by ACB either was not
ecreted or was degraded before it could be secreted. To
tudy whether intracellular degradation was responsible,
e compared cAMP accumulation by slug lysates and
ntact cells in null mutants for the intracellular cAMP-
hosphodiesterase REGA (Shaulsky et al., 1996). Figure 4A
hows that lysates of regA slugs accumulated comparable
evels of cAMP as lysates of the parent strain AX4. How-
FIG. 4. ACB activity in regA null mutants. RegA null cells and
arent strain AX4 were developed on nonnutrient agar until slugs
ad formed, which were dissociated and resuspended in PB or in 30
mM GDPbS in lysis buffer. (A) The cells in GDPbS/lysis buffer were
lysed and incubated with Mg21 assay mix for 30 min. (B) The cells
in PB were incubated for 30 min with 5 mM DTT in the presence
and absence of 5 mM 29H-cAMP. Total accumulated cAMP levels in
ell lysates and cell suspensions were measured at the indicated
ime points. The means and SE of two experiments performed in
riplicate are presented.
s of reproduction in any form reserved.
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188 Meima and Schaapever, basal cAMP levels of intact regA null cells were
considerably higher than those of AX4 and the regA cells
ccumulated considerable amounts of cAMP when exposed
o DTT (Fig. 4B). This accumulation was not stimulated by
9H-cAMP, indicating that it was not due to ACA. These
ata indicate that ACB is most likely active in intact slug
ells, but that most of the cAMP that it produces is
egraded by REGA.
DISCUSSION
The different modes of regulation of ACA, ACB, and
ACG were utilized to establish the contribution of the three
enzymes to cAMP production during development. The
G-protein-regulated enzyme ACA is predominantly active
during aggregation, where, as was shown earlier, it produces
the cAMP oscillations that coordinate the aggregation pro-
cess (Pitt et al., 1992). cAMP oscillations are also consid-
ered to coordinate slug morphogenesis (Siegert and Weijer,
1992). This does not seem to be borne out by our present
observation that ACA activity decreases strongly after
aggregation. However, in a parallel study we found that in
slugs the ACA promoter remains only active in the tip cells
and some scattered cells in the posterior of slugs, in total
not amounting to more than 5% of the total cell population
(I. Verkerke-Van Wijk, P. N. Devreotes, and P. Schaap, in
preparation). This agrees with a supposed role for the slug
tip as autonomous cAMP oscillator, but makes specific
detection of ACA activity in total slug cell suspensions or
lysates very difficult.
We did not detect any stimulation of cAMP accumula-
tion by high osmolarity. This could mean either that ACG
is not active at all prior to spore formation or that the
negative effects of high osmolarity on ACA and ACB
overrule a potential positive effect on ACG. The small peak
of Mn21-stimulated activity found in acaA/PKA slug lysates
(Fig. 2B) seems to suggest that some ACG activity may be
present.
A high level of adenylyl cyclase activity was detected in
lysates of migrating slugs and early culminants, which was
more strongly stimulated by Mg21 than by Mn21 ions. This
s also the case for the activity that we previously charac-
erized as ACB in growing acaA/rdeA cells (Kim et al.,
998) and is in general common to enterobacterial adenylyl
yclases (Yang and Epstein, 1983), but not to most eu-
aryote adenylyl cyclases, where the reverse is true. The
ame high level of activity was also detected in acgA and
caA/PKA slugs, indicating that by genetic criteria ACB is
issimilar from ACG and ACA. Using HPLC and reaction
roduct degradation by a cAMP-specific phosphodiesterase,
e demonstrated that the supposed adenylyl cyclase activ-
ty in acaA/PKA mutants synthesized genuine cAMP. This
ontradicts earlier findings by Wang and Kuspa (1997) that
o adenylyl cyclase activity was present in lysates of
caA/PKA mutants during the entire course of develop-
ent, which led them to conclude that cAMP was notequired for development. We assume that the suboptimal
Copyright © 1999 by Academic Press. All rightssay conditions (high Mn21 concentrations and short incu-
ation times) that were used by these workers were prohibi-
ive for the detection of ACB activity and consider their
onclusion of Dictyostelium development in the absence of
AMP as not valid.
In our previous work with acaA/rdeA mutants we mea-
sured a low activity (0.2 pmol/min z mg protein) in lysates of
growing cells, which decreased during starvation. This
profile was not obvious in the wild-type cells studied here,
presumably because the low level of ACB in growing cells is
overwhelmed by the appearance of ACA during starvation.
In growing acaA cells, ACB could only be detected in the
presence of the REGA inhibitor IBMX (Kim et al., 1998). In
slug lysates, the amount of cAMP produced by ACB was so
high (5 pmol/min z mg protein) that addition of IBMX was
not really required to detect it. In the absence of IBMX
accumulated cAMP levels were about 5–10% lower than in
its presence (data not shown).
ACB activity appeared to peak during early culmination.
In later stages it could not be measured because the matur-
ing stalk cells and spores cannot be lysed anymore by
methods that do not compromise ACB detection. In wild-
type cells the activity could only be detected in cell lysates;
intact slug cells show elevated basal cAMP levels, but no
significant accumulation of cAMP in the presence of the
PDE inhibitor DTT. The REGA inhibitor IBMX was never
found to promote cAMP accumulation by intact cells (data
not shown), indicating that REGA activity is only present
inside the cells. Intact cells from regA null slugs did
accumulate large amounts of cAMP when exposed to the
extracellular PDE inhibitor DTT. This indicated that (i)
cAMP produced by ACB can be secreted and (ii) in wild-type
cells cAMP produced by ACB is under control of REGA and
is degraded before it can be secreted. It should be noted that
this is not the case for cAMP produced by ACA during
aggregation. Here regA null mutants show at most 20–40%
higher accumulated cAMP levels than wild-type cells (Kim
et al., 1998). Since REGA protein is actually more abundant
in aggregating cells than slugs (Thomason et al., 1998) this
could mean that REGA and ACB, but not ACA, may be
colocalized giving REGA preferential access to cAMP pro-
duced by ACB.
Several lines of evidence indicate that PKA activity is
required for both initiation of development and terminal
differentiation of spores and stalk cells. Dominant negative
PKA inhibitors expressed under prestalk and prespore pro-
moters inhibit spore and stalk cell formation, respectively
(Harwood et al., 1992; Hopper et al., 1993). Mutants that
overexpress PKA or show constitutive PKA activity due to
null mutations in the R-subunit show rapid development
and precocious spore differentiation (Anjard et al., 1992;
Mann et al., 1994; Simon et al., 1992). A similar phenotype
is shown by regA null mutants and mutants that lack the
phosphotransferase RDEA (Shaulsky et al., 1996; Thoma-
son et al., 1998; Chang et al., 1998). REGA is activated by
phosphorylation of an aspartic acid residue in an attached
response regulator. The phosphate is donated by a histidine
s of reproduction in any form reserved.
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phosphate from a currently unidentified histidine kinase
(Thomason et al., 1998). The fact that REGA inhibition and
PKA overexpression yield a similar phenotype indicates
that elevation of intracellular cAMP levels is required for
activation of PKA. This seemingly obvious conclusion was
not borne out by earlier studies showing that null mutants
for the only known adenylyl cyclases ACA and ACG could
differentiate into mature spores and stalk cells (Pitt et al.,
1992, 1993).
The developmental regulation of ACB and its apparently
close interactions with REGA strongly suggest that this
enzyme produces the cAMP that is required for PKA acti-
vation. It is as yet somewhat enigmatic why in spite of the
fact that slug lysates show high ACB activity, cAMP
production by intact slug cells is low. However, it should be
realized that during normal development, stalk and spore
cell differentiations are triggered only at specific locations
in the organism. Locally secreted peptides have been impli-
cated in induction of terminal differentiation (Anjard et al.,
1997) and some lines of evidence indicate that one of these
peptides activates a signal transduction cascade that results
in inhibition of REGA (Anjard et al., 1998). In our adenylyl
cyclase assays in cell suspensions, the peptides can prob-
ably not reach a sufficiently high concentration to inacti-
vate REGA. If REGA is eliminated by mutation, intact slug
cells are found to produce large amounts of cAMP (Fig. 4B),
which indicates that inhibition of REGA is probably suffi-
cient to allow cAMP accumulation by ACB, activation of
PKA, and terminal differentiation. We can however at
present not exclude that there may be additional signals
that regulate ACB activity directly, such as for instance the
catabolite ammonia, an inhibitor of fruiting body formation
(Gross, 1994). In future studies we will try to gain more
insight in the regulation of this intriguing enzyme by signal
molecules and its interaction with other signal transduc-
tion components as REGA and PKA.
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